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ABSTRACT
We present Keck-I MOSFIRE spectroscopy in the Y and H bands of GDN-8231, a massive, compact,
star-forming galaxy (SFG) at a redshift z ∼ 1.7. Its spectrum reveals both Hα and [N ii] emission
lines and strong Balmer absorption lines. The Hα and Spitzer MIPS 24 µm fluxes are both weak,
thus indicating a low star formation rate of SFR . 5 − 10 M⊙ y
−1. This, added to a relatively
young age of ∼ 700 Myr measured from the absorption lines, provides the first direct evidence for a
distant galaxy being caught in the act of rapidly shutting down its star formation. Such quenching
allows GDN-8231 to become a compact, quiescent galaxy, similar to 3 other galaxies in our sample, by
z ∼ 1.5. Moreover, the color profile of GDN-8231 shows a bluer center, consistent with the predictions
of recent simulations for an early phase of inside-out quenching. Its line-of-sight velocity dispersion for
the gas, σgas
LOS
= 127± 32 km s−1, is nearly 40% smaller than that of its stars, σ⋆
LOS
= 215± 35 km s−1.
High-resolution hydro-simulations of galaxies explain such apparently colder gas kinematics of up to a
factor of ∼ 1.5 with rotating disks being viewed at different inclinations and/or centrally concentrated
star-forming regions. A clear prediction is that their compact, quiescent descendants preserve some
remnant rotation from their star-forming progenitors.
Subject headings: galaxies: photometry — galaxies: high-redshift
1. INTRODUCTION
The formation and structural evolution of the first qui-
escent galaxies at z & 2 has been the subject of consid-
erable discussion in recent years. Since the first papers
reporting their remarkably compact nature compared to
quiescent galaxies of similar stellar mass at low redshift,
many studies have verified their small sizes and charac-
terized its growth with cosmic time (Daddi et al. 2005;
Trujillo et al. 2007; Buitrago et al. 2008; Cimatti et al.
2008; van Dokkum et al. 2008; Damjanov et al. 2009;
Cassata et al. 2011; Szomoru et al. 2012; Newman et al.
2012a; Carollo et al. 2013; van der Wel et al. 2014).
However, the mechanisms responsible for the formation
of such compact objects are still unclear.
A crucial step forward in understanding these forma-
tion processes is the recent discovery of a population of
massive (log(M/M⊙)> 10), compact star-forming galax-
ies at z & 2 (Wuyts et al. 2011b; Barro et al. 2013,
2014a; Patel et al. 2013; Stefanon et al. 2013). These
galaxies have similar structural properties to the com-
pact quiescent population, i.e., spheroidal morphologies,
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centrally concentrated luminosity profiles and high Se´rsic
indices. The similar properties and number densities sug-
gest that these compact star-forming galaxies (SFGs)
are the immediate progenitors of the similarly com-
pact first quiescent galaxies (Barro et al. 2013). Com-
pact SFGs are typically found in a dusty star-forming
phase characterized by bright far-IR and sub-mm detec-
tions, and relatively normal star formation rates (SFRs)
similar to those of other star-forming galaxies of the
same mass and redshift, in what is usually referred to
as the star-forming main sequence (Noeske et al. 2007;
Elbaz et al. 2007; Salim et al. 2007; Pannella et al. 2009;
Magdis et al. 2010; Wuyts et al. 2011a; Elbaz et al.
2011; Rodighiero et al. 2010; Whitaker et al. 2012b;
Pannella et al. 2014). However, they have radically
different morphologies suggesting that their compact
nature is the result of strongly dissipative trans-
formation processes, such as mergers (Hopkins et al.
2006; Naab et al. 2007; Wuyts et al. 2010; Wellons et al.
2014) or accretion-driven disk instabilities (Dekel et al.
2009; Ceverino et al. 2010; Dekel & Burkert 2014;
Zolotov et al. 2014) that funnel a large fraction of their
gas reservoirs into the center, rapidly building up a dense
stellar core.
Additional evidence in support of the evolutionary
connection between compact SFGs and quiescent galax-
ies came recently when NIR spectroscopy of a sam-
ple of compact SFGs revealed emission line widths of
σ = 200− 300 km s−1 (Barro et al. 2014b; Nelson et al.
2014), in good agreement with the observed stellar ve-
locity dispersions of compact quiescent galaxies of simi-
lar stellar mass (Newman et al. 2010; van de Sande et al.
2013; Bezanson et al. 2013; Belli et al. 2014b). However,
2these measurements are based on different dynamical
tracers, and measured on disjoint populations. Therefore
the implied evolutionary connection between them is in-
direct. Some caveats to this evolutionary sequence are,
for example: 1) the broad emission lines may be driven
by shocks and outflows rather than the gravitational po-
tential (Newman et al. 2012b; Genzel et al. 2014) , and
2) if compact SFGs do not quench immediately, their cur-
rent dynamics may have little to do with their eventual
transition into quiescent galaxies.
A way forward to address these issues is to study the
properties of both the gas and the stars on the same
galaxies. These kinematic properties can be used to test
whether the gas and the stars are probing the same gravi-
tational potential, and the simultaneous measurement of
emission and absorption lines can be used to estimate
the age and star-formation history (SFH) of their stellar
populations. However, these kind of measurements, are
still observationally challenging, particularly for galaxies
at z & 1.5. Firstly, absorption line measurements (e.g.,
the Balmer or the CaHK lines) require NIR spectro-
graphs and long (> 8 hr) integrations on 8 − 10 m class
telescopes, and probing the stronger emission lines (e.g.,
Hαλ6563 A˚, [N ii]λ6584 A˚, [O iii]λ5007 A˚, Hβλ4861 A˚)
on the same galaxies often requires additional observa-
tions in other bands. Secondly, the spectra of galaxies
are typically dominated by either emission or absorption
lines, and the phases in which both sets of lines are strong
are usually short and depend on the SFH of the galaxy.
Interestingly, several papers have identified a sub-
stantial population of recently quenched (i.e., young)
compact quiescent galaxies at z & 1.5 which are the
most promising candidates to have both absorption
lines from an old, underlying population, and emission
lines from weak, residual star-formation (Newman et al.
2010; van Dokkum & Brammer 2010; Toft et al.
2012; Onodera et al. 2012; van de Sande et al. 2013;
Bezanson et al. 2013; Bedregal et al. 2013; Belli et al.
2014a,b). Spectroscopic follow-up of these galaxies
have revealed prominent Balmer absorption lines and,
occasionally, emission in [O ii]. The [O ii]λ3726 + 3729
doublet, however, is typically unresolved at the res-
olution of these observations, and thus it is not a
reliable kinematic indicator. Additional observations
of these galaxies for other emission lines in the Hα or
[O iii] ranges have so far been unsuccessful.
In this paper, we present Y and H band spectroscopy
of a massive (log(M/M⊙) = 10.75), compact SFG at
z = 1.674 obtained with the MOSFIRE multi-object in-
frared spectrograph (McLean et al. 2010; McLean et al.
2012) on the Keck-I telescope. The spectra of GDN-
8231 show emission and absorption lines which sug-
gest that the galaxy is quenching rapidly. We model
these lines to estimate the kinematics of the gas and
the stars. In addition, we combine the spectra with
optical medium-band photometry from the SHARDS
survey (Pe´rez-Gonza´lez et al. 2013) and Hubble Space
Telescope (HST) WFC3 grism spectroscopy in G102
(GO13420; PI=Barro) and G141 (GO11600; PI=Weiner)
to obtain detailed spectral energy distributions (SEDs)
for the quenching galaxy and 3 older quiescent galaxies,
observed as a part of the same MOSFIRE survey. From
the modeling of their SEDs, we estimate their stellar ages
and SFHs, and analyze the implications for the evolu-
tionary path from compact SFG to compact quiescent
galaxy.
Throughout the paper, we adopt a flat cosmology with
ΩM=0.3, ΩΛ=0.7 and H0 = 70 km s
−1 Mpc−1 and we
quote magnitudes in the AB system.
2. DATA
2.1. Target Selection
We select spectroscopic targets from the CAN-
DELS (Grogin et al. 2011; Koekemoer et al. 2011)
WFC3/F160W (H band) multi-wavelength catalogs in
GOODS-N (Barro et al. in prep.). This catalog in-
cludes deep, UV-to-NIR ground-based observations in
several medium and broad bands, HST photometry in
9 different bands and Spitzer/Herschel observations in
the mid-to-far IR. The source extraction and merged
multi-wavelength spectral energy distributions (SEDs)
are measured following the procedures described in
Galametz et al. (2013) and Guo et al. (2013). In addi-
tion, GOODS-N includes complementary HST/WFC3
observations in both G102 and G141 grisms, allow-
ing for continuous wavelength coverage from 0.9 <
λ < 1.7 µm with a resolution better than R= 130
(e.g., Brammer et al. 2012). The grism data are re-
duced using the threedhst14 pipeline. The pipeline
handles the combination and reduction of the dithered
exposures, and the extraction of the individual spec-
tra. These are background subtracted and corrected for
contamination from the overlapping spectra of nearby
sources (Brammer et al. 2012; Momcheva et al. in prep).
The grism data are joined at shorter wavelengths by
the 25 optical medium-bands of the SHARDS survey
(R ∼ 50; Pe´rez-Gonza´lez et al. 2013). Together, these
datasets provide remarkable spectral resolution on a
galaxy-by-galaxy basis, that is uniquely suited for SED-
fitting analysis (see § 3). The stellar masses, rest-
frame colors, and photometric redshifts used for tar-
get selection are derived via SED-fitting using EAzY
(Brammer et al. 2008) and FAST (Kriek et al. 2009),
assuming Bruzual & Charlot (2003) stellar population
synthesis models, a Chabrier (2003) initial mass func-
tion (IMF), and the Calzetti et al. (2000) dust extinction
law. The SFRs are computed by adding the unobscured
and obscured star formation, traced by the UV and IR
emission, following the method described in Wuyts et al.
(2011a, see also Barro et al. 2013, 2014a)
We select galaxies in a transition stage between the
star-forming main sequence and the quiescent, red se-
quence using −0.75 <log(sSFR/Gyr−1)< −0.25. This
corresponds to galaxies approximately ∼ 2σ below the
main sequence at z ∼ 1.75 (Whitaker et al. 2012b). For
galaxies with log(M/M⊙) > 10, this threshold roughly
corresponds to a SFR & 10 M⊙ y
−1, which is the
5σ detection level with MOSFIRE in ∼1h exposures
(e.g., Trump et al. 2013; Kriek et al. 2014). We also
impose the compactness criterion of Barro et al. (2013),
M/r1.5e = 10.3 M⊙kpc
−1.5, to select galaxies with sim-
ilar structural and morphological properties as the qui-
escent population at that redshift. Figure 1 illustrates
that the sSFR criterion is consistent with the U − V vs.
15 http://code.google.com/p/threedhst
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Fig. 1.— Left panel: UVJ diagram for galaxies at 1.3 < z < 1.8 more massive than log(M/M⊙)> 10 in the GOODS-N field. The colors
highlight different populations of star-forming galaxies (blue; log(sSFR/Gyr−1) > −0.25), quiescent galaxies (red; log(sSFR/Gyr−1) <
−0.75) and quenching, transition, galaxies (green; −0.25 < log(sSFR/Gyr−1) < −0.75) identified according to their UV+IR SFRs. The
large markers show the quenching, compact SFG (GDN-8231; dark green) and the 3 quenched galaxies (GDN-2617, 17360, 12632; orange to
red) observed with MOSFIRE. The HST color images (zJH) of the 4 galaxies are shown at the bottom. The location of GDN-8231 in the
UVJ is consistent with the observed spectral and photometric properties, indicating that it is a weakly star-forming galaxy transitioning to a
quiescent phase. The quiescent galaxies fall within the selection region for recently quenched galaxies (left of the dashed line; Whitaker et al.
2012a). Right panel: Color images (ACS and WFC3), and composite SED of GDN-8231. The grey circles show the (low-resolution) broad-
band photometry, the cyan markers show the SHARDS medium-band data (R∼ 50;Pe´rez-Gonza´lez et al. 2013) and the light and dark blue
lines show the HST/WFC3 G102 and G141 grism spectra. The spectral regions probed by Y and H band MOSFIRE spectra are indicated
in red. The green and orange lines show the best-fit stellar population templates from Pacifici et al. (2012) at a resolution of R= 50 for
GDN-8231 and the quiescent galaxy GDN-17360. The 3 sub-panels on the right show the zoom-in around the SHARDS, G102 and G141
data highlighting spectral features in MgUV, [O ii], Hδ and Hβ.
V −J (hereafter UVJ) rest-frame color criterion that has
been shown to be very successful in identifying quiescent
galaxies, breaking the age/dust degeneracy (Wuyts et al.
2007; Williams et al. 2010; Whitaker et al. 2011). The
spread of the transition sample along the wedge of the
UVJ quiescent region is primarily driven by differences
in the dust reddening and in the stellar population ages,
which suggests a wide diversity of extinction levels and
SFHs among quenching galaxies (e.g., Wild et al. 2014).
We select the most promising candidates for spectro-
scopic follow-up by prioritizing bright galaxies with low
dust reddening to maximize the signal-to-noise (S/N)
ratio. This additional restriction preferentially selects
galaxies with bluer UVJ colors, near the so-called post-
starburst region of the UVJ diagram (left of the dashed
line in Figure 1; Whitaker et al. 2011; Bezanson et al.
2013). This region encompasses colors that are typi-
cal of recently quenched galaxies, with low extinction
levels and young stellar ages of . 1 Gyr. Galaxies in
this region also have, on average, lower stellar masses
(log(M/M⊙) . 10.8) than older quiescent galaxies with
redder colors (Newman et al. 2013; Barro et al. 2014a).
The redshift is restricted to the range 1.3 < z < 1.8
that places the Hα emission line in the H band and sev-
eral other Balmer lines around the 4000 A˚ break in the
Y band. The observed mask contains 1 candidate that is
a transitioning, compact SFG (GDN-8231; green circle)
and 3 recently quenched galaxies (GDN-12632, GDN-
17360 and GDN-2617; orange to red circles). GDN-8231
is relatively massive (log(M/M⊙) = 10.7) and presents
low levels of star-formation (SFR = 10 M⊙ y
−1) evi-
denced by a weak detection in MIPS 24 µm (f(24) =
40 µJy). The low sSFR and mild extinction (AV =
0.3 mag) are consistent with its location in the UVJ di-
agram, and suggests that it is on the brink of becoming
a young quiescent galaxy, similar to the 3 quiescent tar-
gets in our sample. The photometric and spectroscopic
galaxy properties of the four galaxies are summarized in
Table 1.
2.2. Spectroscopic data
Data were collected on the nights of 2014 April 17 and
May 11 using the MOSFIRE instrument (McLean et al.
2010, 2012) on the Keck-I telescope. The sky conditions
were clear and the median seeing ranged from 0.′′5− 0.′′7
seeing. We observed 1 mask configuration in both the
Y (0.97 < λ < 1.12 µm) and H bands (1.46 < λ <
1.81 µm), with individual exposure times of 180 s and
120 s, for a total 5.5 h and 2 h, respectively. We used
2-point dithers separated by 1.′′5 and slit widths of 0.′′7.
The instrumental resolution of MOSFIRE with 0.′′7 slit
widths is approximately R = 3200 (∼5 A˚ per resolution
element). The 2D spectra were reduced, sky subtracted,
wavelength calibrated, and one-dimensionally extracted
using the public MOSFIRE data reduction pipeline16.
3. ANALYSIS
3.1. Kinematic measurements and line ratios
The 4 galaxies are NIR bright (H < 22 mag) and
present clear continuum detections (S/N> 5) in both
the Y and H band spectra. GDN-8231 exhibits multiple
Balmer absorption lines in the Y band spectrum, from
Hδ to H10, and it is the only galaxy showing Hα and
[N ii] emission lines in the H band spectrum (Figure 2).
17 http://www2.keck.hawaii.edu/inst/mosfire/drp.html
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Fig. 2.— Left panel: MOSFIRE Y band spectrum of the quenching, compact SFG (GDN-8231) with detected absorption lines. The
best-fit model used to determine the stellar velocity dispersion and the absorption indices is shown in red. Right panel: MOSFIRE H band
spectrum of GDN-8231 showing the spectral range around the Hα and [N ii] lines. The regions contaminated by sky lines are shown in
gray. The blue Gaussians show the best fit to the Hα (σ
LOS
= 97 km s−1) and [N ii] (σ
LOS
= 127 km s−1) lines using the average continuum
level. The red Gaussians show the best-fit to the Hα line (σ
LOS
= 120 km s−1) correcting for the Hα stellar absorption as determined from
the fit to the Y band spectrum.
The other 3 quiescent galaxies also have clear Balmer
absorption lines in the Y band but present no emission
lines in the H band.
We measure the line-of-sight (LOS) stellar velocity dis-
persion using the penalized pixel-fitting software pPXF
(Cappellari & Emsellem 2004). This software fits the
galaxy spectrum with a model created as a linear com-
bination of the stellar templates that best reproduce the
galaxy spectrum allowing different weights for each tem-
plates. The stellar templates used are the stars from the
MILES stellar library (Sa´nchez-Bla´zquez et al. 2006b;
Cenarro et al. 2007). Before fitting the galaxy spec-
trum, we mask the regions contaminated by telluric at-
mospheric bands and pixels with strong residuals from
the sky lines, and convolve it with a Gaussian function
whose width is the quadratic difference between the res-
olution of the MILES stellar library (FWHM = 2.5 A˚;
Falco´n-Barroso et al. 2011) and the instrumental resolu-
tion of our observations measured in sky lines (FWHM =
2.7 A˚). We estimate the uncertainty in the stellar veloc-
ity dispersion by running 1000 Monte Carlo simulations.
In each simulation, the flux of the spectrum is perturbed
within a Gaussian function whose width is the uncer-
tainty in the flux obtained in the reduction process. The
stellar velocity dispersion is measured in each simula-
tion and the uncertainty is the standard deviation of the
Gaussian distribution of all 1000 velocity dispersion esti-
mates. Based on this method, we obtain a stellar velocity
dispersion for GDN-8231 of σ⋆
LOS
= 215± 35 km s−1 (see
Table 1 for the quiescent galaxies).
We measure the LOS gas velocity dispersion, σgas
LOS
, of
GDN-8231 by fitting a Gaussian profile to the emission
lines, measuring its FWHM, and subtracting the instru-
mental broadening in quadrature from the FWHM. The
velocity dispersion is then the corrected FWHM divided
by 2.355. We fit the Hα and [N ii] lines independently.
As shown in Figure 2, [N ii] is detected at higher S/N
ratio because the Hα line is partially contaminated by
a skyline, and it appears to be self-absorbed (i.e., the
continuum emission is affected by Balmer absorption).
As a result, if we fit the lines using the same contin-
uum level the velocity dispersion inferred from Hα is
smaller than that from [N ii], σgas
LOS
= 90± 18 km s−1 and
127 ± 32 km s−1, respectively. Although it is possible
for Balmer and forbidden lines to have different widths if
they originate in different regions, the most likely expla-
nation for such a large difference is the self-absorption
in Hα. To account for that effect, we use the best-fit
stellar template to the absorption spectra to establish
the continuum level for the Hα emission, and we recom-
pute the fit. With this method, the inferred velocity
dispersion is σgas
LOS
= 120±34 km s−1, consistent with the
[N ii] result. Although the two measurements agree after
accounting for Balmer absorption, we adopt the higher-
S/N [N ii] measurement as the more reliable tracer of
gas velocity dispersion.
The spectra are not flux calibrated. However, we
can use the equivalent width of Hα corrected for stel-
lar absorption (EW(Hα)corr = 8.3 ± 0.7) and the con-
tinuum flux, inferred from the SED modeling, to cal-
culate the Hα line flux and SFR. Using the empirical
relation from Kennicutt (1998) and the attenuation in-
ferred from SED-fitting (AV = 0.3), we obtain values
of SFR = 3 − 6 M⊙ y
−1, depending on the extra neb-
ular extinction with respect to the continuum (AHα =
2.44 − 1.86 Acont; e.g., Calzetti et al. 2000; Price et al.
2014). These values are consistent with the estimate from
MIPS 24 µm data. The Hα line flux corrected for stellar
absorption also allows us to estimate the intrinsic value
of the line ratio [N ii]/Hα= 1.2. Even without measur-
ing the [O iii]/Hβ line ratio to fully constrain the ioniza-
tion diagnostic diagram (i.e., BPT; Baldwin et al. 1981),
an [N ii]/Hα ratio of the order of unity already suggests
that the nebular emission is at least partially powered
by an AGN. The galaxy, however, is not detected in
the 2Ms X-ray data (Alexander et al. 2003) which im-
plies that the AGN is relatively weak, perhaps shut-
ting down along with the star formation in the galaxy.
This result, together with the large fraction of AGNs
(∼ 40%) found in compact SFGs at z = 2−3 (Barro et al.
52014a), suggest that the black hole growth at high red-
shift closely follows the star-formation history (i.e., it
starts and shuts down with the star-formation), as op-
posed to the observed trend in the local Universe, where
there seems be to a delay between the starburst and the
peak of the AGN phase (Wild et al. 2010; Yesuf et al.
2014; Herna´n-Caballero et al. 2014). In that case, AGN
may play a more active role in the quenching of star for-
mation at z ∼ 2.
3.2. Luminosity profile and Morphology
The MOSFIRE spectra of GDN-8231 are spatially un-
resolved and thus do not provide additional insights
on the kinematic profile of the gas and the stars, or
the spatial distribution of star formation. The high-
resolution HST imaging, however can be used to de-
termine the overall structural properties and the radial
distribution of star-formation in the galaxy. Figure 3
shows the surface brightness and color profiles of GDN-
8231 computed from the fitting of the HST-based SEDs
measured at each radius. The profile shows a positive
color gradient of d(NUV − V )/dr = 6 · 10−3 mag/kpc
that is indicated by a bluer center with a 20% smaller
re in the rest-frame NUV with respect to the V band
(re,NUV /re,V = 0.8). Assuming that the NUV is a good
tracer of the SFR, these measurements suggest that the
SFR profile is more centrally-concentrated than the stel-
lar profile. A possible interpretation for this result is that
we are witnessing the quenching of a central starburst
right after it has formed a dense stellar core (Σ1 kpc =
9.7 M⊙ kpc
−2), which seems to be a pre-requisite for
quiescent galaxies (Cheung et al. 2012; Fang et al. 2013;
van Dokkum et al. 2014). Such interpretation is an ex-
cellent match for the predictions of simulations that de-
scribe the formation of compact galaxies as the result
of strongly dissipative gas-rich events, such as merg-
ers and/or disk instabilities (e.g., Dekel & Burkert 2014;
Zolotov et al. 2014; Wellons et al. 2014). These pro-
cesses are characterized by a wet-inflow (i.e., gas-inflow
rate > SFR) that builds-up the central gas density,
thereby enhancing the SFR at the center and growing
a dense stellar core. The weakening of such inflow marks
the onset of inside-out quenching due to gas depletion.
In that onset phase, the SFR is still high and thus the
color gradient is still positive, as observed in GDN-8231.
However, as inside-out quenching progresses, the SFR
profile flattens, and the color gradient turns negative, as
observed in compact quiescent galaxies (Guo et al. 2012;
?; Szomoru et al. 2012).
GDN-8231 has high-Se´rsic values consistent with
other compact star-forming and quiescent galaxies
(Barro et al. 2013). Its visual appearance in the H
band is smooth and spheroidal. However, the ACS im-
ages, that probe the rest-frame UV, show small irregular
patches, perhaps indicative of its prior, dissipative com-
paction event. Adopting the assumptions of Miller et al.
(2011), we infer a viewing-angle inclination of i = 42◦
from an axis-ratio value of b/a = 0.74.
3.3. Spectral indices and SED fitting
One of the main obstacles to estimating stellar
population properties from the analysis of SEDs is
that at the typical resolution of broad-band surveys
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Fig. 3.— Rest-frame surface brightness profile and color profile of
GDN-8231. The rest-frame profiles are computed by interpolating
at each radius the best-fit SED derived from the observed surface
brightness profile in 9 HST bands measured with IRAF/ellipse (see
Liu et al. 2013 and Liu et al. in prep for more details). At z =
1.67, the rest-frame NUV and V bands roughly correspond with
the observed i and H bands, respectively. The arrows indicate
the effective radius in those bands from the best-fit Se´rsic profiles
obtained using GALFIT. The grey line indicates the PSF half width
at half-maximum (HWHM) in the H band. The insets show the
images of GDN-8231 in the i (PSF-matched to H band) and H
bands. The black circle has radius of 1′′(∼ 8.4 kpc). GDN-8231
has an positive color gradient and relatively low sSFR, which are
consistent with the expectations for an early phase of inside-out
quenching after a central starburst.
(FWHM∼0.2 µm/(1+z); R∼6) the most relevant con-
tinuum and emission/absorption line features are usu-
ally diluted, which results in large uncertainties in in-
ferred properties (Muzzin et al. 2009; Conroy & Gunn
2010). One way to circumvent this problem is by
using higher spectral resolution data to obtain more
accurate measurements of line strengths and spectral
indices, which are key indicators of stellar age, and
present/past star-formation activity (e.g., Kelson et al.
2001; Kauffmann et al. 2003).
From the MOSFIRE Y band spectra we measure
the HδA Lick index (Worthey & Ottaviani 1997) using
PPXF to estimate the best-fit value and uncertainty.
This index has been traditionally used as an age and SFH
indicator (Trager et al. 2000; Sa´nchez-Bla´zquez et al.
2006a). From the H band spectra we measure the
Hα Equivalent Width, EW(Hα), which is sensitive to
the instantaneous (last few Myr) SFR. Only GDN-8231
presents Hα emission, the other 3 quiescent galaxies
have strong continuum detections that place reliable up-
per limits on EW(Hα). In addition to the MOSFIRE
spectra, we use the SHARDS medium-band data and
the HST grism data to probe for additional absorp-
tion features and continuum breaks. The right panel
of Figure 1 illustrates the high spectral resolution (∼
10− 100× better than broad-band filters) of the merged
medium-band/grism SED, revealing Mg ii absorption at
2800 A˚ in SHARDS and Balmer absorption lines and
the 4000 A˚ break in G102 and G141. We quantify the
later using the D4000 index (e.g., Balogh et al. 1999;
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Fig. 4.— Evolutionary tracks in sSFR (left) and luminosity-weighted age (right) vs. age of the Universe for different SFHs. The
blue shaded region depicts the star-forming main sequence determined from the average SFH of SFGs drawn from the model library of
Pacifici et al. (2012). This region agrees well with the observational results of Whitaker et al. (2014) for SFGs of intermediate mass. The
black lines illustrate the evolution of 2 galaxies that have a secular growth from z ∼ 4 to z = 1.7, followed by either fast (solid) or slow
(dashed) quenching of star formation. In a fast quenching galaxy the luminosity-weighed age grows linearly with time (passive evolution).
However, in a slow quenching (or main sequence) galaxy the luminosity-weighed age increases more slowly (i.e., the slope is < 1). A τ
model can describe either a fast or slow quenching. However, a short τ (gray line) would provide unrealistic results for galaxies described
by a two-phase SFH (e.g., a main sequence + fast quenching).
Kauffmann et al. 2003). The G102 grism shows also a
weak [O ii] emission line (EW 15± 5 A˚). However, there
is no clear sign of [O iii] emission in G141. The later is
expected to have also low EW . 10 A˚, and thus can
be partially hidden by the Hβ absorption, as hinted
in the stacked spectra of recently quenched galaxies in
Whitaker et al. (2013).
The spectral indices are usually analyzed by compar-
ing measurements to a grid of values derived from stellar
population synthesis models. Here we follow a slightly
different approach to combine information from both
the indices and the overall UV-to-NIR SED by using
of the SED-fitting code of Pacifici et al. (2012, here-
after P12). The code performs a simultaneous fitting of
the low and high resolution data and includes priors on
the EW of emission and absorption lines to obtain bet-
ter constraints on the SFR and SFH of the galaxy (see
also Pacifici et al. 2014, 2015 and Barro et al. 2014a for
more details). The galaxy templates are computed from
non-parametric SFHs adapted from semi-analytic mod-
els (SAMs) and include both the stellar continuum and
the nebular emission. The SAM SFHs provide a richer
parameter space featuring short-timescale variations of
the SFR (burst and truncations) that are missing in ex-
ponentially declining (exp[-t/τ ]) or delayed (t×exp[-t/τ ])
models (see also § 4.1).
4. RESULTS
4.1. Stellar ages and SFHs
The stellar age and SFH are not independent proper-
ties and thus, the chosen parametrization of the latter
(single burst, N-bursts, τ models, SAMs, etc) often leads
to strong degeneracies in the age and the characteris-
tic timescale(s) of star formation (e.g., age-τ ; Conroy
2013). These degeneracies, however, can be reduced us-
ing higher spectral-resolution datasets to probe features
that are sensitive to different star-formation and quench-
ing timescales (Kriek et al. 2011; Pe´rez-Gonza´lez et al.
2013; Belli et al. 2015).
Figure 4 illustrates the implications of assuming dif-
ferent SFHs to estimate the age of the galaxies. The
blue shaded region shows the evolution of the sSFR and
luminosity-weighted age vs. time for galaxies in the star-
forming main sequence, as described by the SAM SFHs in
the model library of Pacifici et al. (2012). Those galaxies
are thought to be growing in a relatively smooth, secu-
lar mode (Elbaz et al. 2007; Rodighiero et al. 2010) in
which gas inflow and SFR have reached a steady-state
phase (e.g., Dekel et al. 2013). The main sequence pic-
tured by SAM SFHs follows closely the observational re-
sults (e.g., Whitaker et al. 2014) which are also in good
agreement with the predictions of other empirical models
(e.g., Peng et al. 2010; Behroozi et al. 2013). In the main
sequence paradigm, quenching can be interpreted as the
departure from a stable growth phase, which can be ei-
ther fast (e.g., SFR truncation; solid line) or slow (shal-
lower slope; dashed line). After fast quenching, age in-
creases linearly with time (i.e., passive evolution), while
for slower quenching the slope is shallower, and the age
increases slowly due to slowly declining star-formation
(right panel of Figure 4). In τ models, the timescale con-
trols the quenching time, and it can be tuned to describe
fast or slow quenching (grey line in Figure 4). However,
as one parameter characterizes the whole SFH, the pre-
diction is not realistic for galaxies that are described by 2
or more distinct phases, such as a secular growth followed
by fast quenching.
Panels a) and b) of Figure 5 show index-index diagrams
sensitive to the SFH and quenching time. The colored
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colors are the same as in Figure 1. The colored lines depict the evolutionary tracks for the best-fit SAM SFHs. The tracks start at the onset
of quenching (colored squares) and continue for ∼1 Gyr after the redshift of observation. The blue shaded region and the dashed line show
the evolution of the star-forming main sequence and the slow quenching galaxy depicted in Figure 4 and Panels c) and d). The Hα and
Hδ indices are sensitive to recent changes in the SFR, while D4000 is a good tracer of the SFH averaged over longer timescales. In a fast
quenching, the EW(Hα) drops abruptly while HδA increases due to the appearance of prominent Balmer absorption lines. In contrast, a
slow quenching galaxy has higher EW(Hα) and weaker HδA for the same value of the D4000 index. Panels c) & d): Same as Figure 4 for
the galaxies in our sample. The grey stars show the age of the oldest and youngest quiescent galaxies at z ∼ 2 in Whitaker et al. 2013. All
4 galaxies are consistent with fast quenching. However, the details of the quenching path lead to different luminosity-weighted ages. For
example, GDN-12632 was the first of quiescent galaxies to quench and is the youngest, while GDN-2617 was the last to quench and it is
the oldest.
circles indicate the values measured in the MOSFIRE
spectra of the 4 galaxies, and the lines show the evolu-
tionary tracks of their best-fit SAM SFHs. The D4000
index is a good tracer of the average age of the stellar
populations, while the EW(Hα) and HδA are more sen-
sitive to recent star-formation. For slow quenching, the
EW(Hα) in emission decreases slowly while the Balmer
absorption is relatively small and constant with time,
HδA ∼ 1.8. In contrast, fast quenching causes a rapid
decline in the Hα emission followed by an absorption
plateau with EW(Hα)∼ −2 A˚, and a strong HδA absorp-
tion. This relatively short-lived phase (∼1 Gyr), charac-
terized by the lack of Hα emission and strong absorption
in other Balmer lines, typical of A-stars, is known as a
post-starburst phase (pSB; e.g., Wild et al. 2010).
The spectral properties of GDN-8231 agree well with
the sSFR selection criteria indicating that the galaxy
is on a fast quenching path. Besides the Hα emis-
sion, which indicates the presence of weak, ongoing star-
formation, the SED fit, the D4000 index and the HδA val-
ues suggest that the emission is rapidly declining. In fact,
given the short quenching time, the chances of finding a
galaxy in this phase are small, which makes GDN-8231
quite unique. The 3 quiescent galaxies in our sample
are further along in their evolution, as indicated by their
stronger D4000 ∼ 1.6. However their indices and best-
fit SFHs are also consistent with fast quenching. The
similar SFHs are another indication that GDN-8231 is
evolutionarily linked to the quenched galaxies. For a def-
inition of quenching time, tq, as the elapsed time from
8having EW(Hα) values consistent with those of a main
sequence galaxy, to EW(Hα)∼ 0 (tracks in panel-a), the
values range from a few Myrs for GDN-8231 (i.e., SFR
truncation) to 500 Myr for GDN-17360. Interestingly the
SAM SFHs suggest that galaxies show pSB features as a
result of fast quenching from the star-forming main se-
quence, without being preceded by a strong starburst
(i.e., ∼ 3× higher SFR than the main sequence). A
more practical definition of tq as the elapsed time from
log(sSFR/Gyr−1)= 0 to -1 (tracks in panel c)), results
in similar values of tq = 300− 800 Myr.
The fast quenching scenario for all 4 galaxies
agrees well with recent works that find strong Balmer
absorptions on similarly young quiescent galaxies
at z ∼ 1.5 (Newman et al. 2010; Onodera et al.
2012; Bezanson et al. 2013; van de Sande et al. 2013;
Belli et al. 2014a). It differs, however, with the results
of Kriek et al. (2011), who studied a sample of stacked,
high-resolution SEDs of galaxies at 0.5 < z < 2.0 find-
ing EW(Hα) values consistent with gradually declin-
ing SFHs. Assuming the difference is not caused by
the slightly different redshift range, a plausible expla-
nation for this discrepancy is that there are indeed dif-
ferent evolutionary quenching tracks (e.g., Martin et al.
2007; Gonc¸alves et al. 2012; Schawinski et al. 2014 or
Belli et al. 2015), and current spectroscopic samples at
z & 1.5 are still not fully representative of the whole
quenching population.
Panel d) of Figure 5 shows that the luminosity-
weighted ages of the sample ranges from tw = 700 Myr
for GDN-8231 to tw = 1.1 − 1.3 Gyr for the 3 quies-
cent galaxies. The SAM SFHs also suggest a formation
redshift (i.e., onset of star formation) of zform & 6, a
half-mass assembly by z ∼ 3 and the onset of quench-
ing by z ∼ 2. Interestingly, the latter is similar to the
zform of the galaxies inferred from τ models, which sug-
gests a rapid build up (τ < 100 Myr). This, however,
is most likely a limitation of single-parameter τ mod-
els, which are biased towards short values of τ in or-
der to reproduce the strong pSB features in the SED.
Secular SFHs with rise and decay timescales of several
hundred Myr appear to be more realistic, and are pre-
dicted by physically motivated models (e.g., Peng et al.
2010; Behroozi et al. 2013; Gladders et al. 2013). How-
ever, obtaining a direct, reliable measurement of the for-
mation timescale would require additional measurements
such as the metallicity [Z/H] or the α element abun-
dance [α/Fe], which trace the evolution of the metals
(e.g., Conroy 2013; Onodera et al. 2014).
The stars in panel d) of Figure 5 show the age of the
oldest, tw= 1.5 Gyr, and youngest, tw= 0.9 Gyr, qui-
escent galaxies at z ∼ 2 from Whitaker et al. (2013)
(see also Newman et al. 2013). The evolutionary tracks
of the quiescent galaxies in our sample are consistent
with being direct descendants of the youngest galaxies
of Whitaker et al. (2013), and GDN-8231 reaches a sim-
ilar age by z = 1.5. This implies that as new quenching
galaxies join the red sequence the age spread in the qui-
escent population will increase by roughly 1 Gyr from
z = 2 to z = 1.5. Interestingly, if all the galaxies in
our sample follow a pure passive evolution since z = 1.7,
their ages by z = 0.6 would be tw ∼ 4.5−5 Gyr, which is
roughly 2 Gyr older than the results of Choi et al. (2014)
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LOS
vs. M⋆ for different galaxy samples. The point up
and down triangles show emission (gas) and absorption (stars) line
measurements, respectively. The blue triangles depict 13 compact
SFGs in Barro et al. (2014a), and one galaxy from Nelson et al.
(2014). The red triangles show a compilation of quiescent galax-
ies (van de Sande et al. 2013; Bezanson et al. 2013; Belli et al.
2014a,b) at z & 1.5. The overlapping distributions for compact
SFGs and quiescent galaxies suggests that both populations have
similar kinematic properties. This is supported by the agreement
in the gas and stellar dispersions of COS-10289 (Belli et al. 2014b,
and Barro et al. 2014b for the stellar and gas kinematics). How-
ever, GDN-8231 (green) has ∼ 40% lower dispersion in the gas
than in the stars. A possible explanation is that the gas has colder
kinematics than the stars (vφ/σr > 1), and thus its line-of-sight
dispersion is prone to stronger projection effects. The gas and
stellar dispersion for the simulated galaxy V12 (see also Figure 7)
illustrates the bias towards lower values of σgas
LOS
with respect to
σ⋆
LOS
for viewing-angles closer to face-on (magenta).
for the oldest quiescent galaxies at that redshift. This
could be an indication that some quiescent galaxies re-
tain low levels of star formation, or perhaps experience
minor wet mergers that rejuvenate star formation.
In summary, the 4 galaxies in our sample have rel-
atively young ages of tw. 1 Gyr and present spectral
features consistent with fast quenching of the star for-
mation. In particular, GDN-8231 seems to be caught in
an early stage of a rapid truncation.
4.2. Kinematic properties
Figure 6 shows the M⋆−σLOS relation for a com-
pilation of compact SFGs from Barro et al. (2014a)
and quiescent galaxies at z & 1.5 from the litera-
ture (van de Sande et al. 2013; Bezanson et al. 2013;
Belli et al. 2014a,b). In Barro et al. (2014a), we found
that 1) the gas kinematics of massive, compact SFGs are
consistent with the stellar kinematics of compact quies-
cent galaxies, and 2) the dynamical masses of both pop-
ulations are in good agreement with their stellar masses.
We interpreted those similarities as evidence for an evolu-
tionary connection. In particular, since both populations
have similar structural, kinematic and dynamical prop-
erties, compact SFGs simply turn into compact quiescent
galaxies by quenching their star formation. In addition,
one galaxy (COS-10289), seemed to support this scenario
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Fig. 7.— Stellar (left) and gas (right) kinematic profiles for the simulated galaxy V12 at z = 2.3 (Ceverino et al. 2014; Zolotov et al.
2014). The kinematic properties are measured in cylindrical beams with a depth of 8 kpc. The solid and dashed black lines depict the
intrinsic rotation and dispersion. The magenta and purple lines show the σ
LOS
profiles for a line-of-sight inclination of i = 90◦ (edge-on)
and i = 45◦. The triangles show the integrated, mass-weighted values at the r = re. The line-of-sight dispersion can be written as
σ2LOS = β(sin i vφ)
2 + σ2r , where β depends on the inclination and density profile of the galaxy. This implies that for a rotation dominated
component the value of σ
LOS
depends more strongly on projection effects. In V12 the gas has higher rotation than the stars (vφ/σr ∼ 1.4
vs. vφ/σr ∼ 5) and therefore, the ratio of velocity dispersions can be as high as σ
⋆
LOS
/σgas
LOS
∼ 1.5 for a LOS inclination of i = 45◦. The
insets in the upper-right show the 10×10 kpc face-on density maps for the stars and the gas. The black circle has r = re.
by showing agreement between its gas and stellar kine-
matics. However, the low S/N ratio of the emission line
measurement and the presence of an X-ray AGN within
the galaxy place caveats on the interpretation of the kine-
matic properties of the gas.
Quite surprisingly, the better-constrained measure-
ments for GDN-8231 (green triangles in Figure 6) show
that the gas has a lower velocity dispersion than the stars
by a factor of σ⋆
LOS
/σgas
LOS
= 1.7 ± 0.5. Naively, we ex-
pected a value ∼ 1 or, given that GDN-8231 is quench-
ing, larger values of σgas
LOS
caused by strong feedback pro-
cesses (e.g., shocks or outflows; Diamond-Stanic et al.
2012; Genzel et al. 2014). In turn, the smaller values
of σgas
LOS
suggest that the gas is in dynamical equilibrium
and that it has colder kinematic properties than the stars
(i.e., higher vφ/σr in the gas). If that is indeed the case,
the lower dispersion in the gas could be the result of:
1) widespread star-formation activity in a disk observed
at low inclination (i.e., close to edge-on), or 2) a cen-
trally concentrated star-forming region probing, on av-
erage, lower values of the rotational velocity vφ, which
grows inside-out. As described in § 3.2, GDN-8231, has
an inclination of i = 42◦, and 20% smaller effective ra-
dius in the rest-frame NUV, which can lead to the smaller
values of σgas
LOS
compared to σ⋆
LOS
.
In order to provide a better intuition, and quantify how
much projection effects and/or a concentrated SFR pro-
file affect the measurement of σ
LOS
, we study the kine-
matic profiles of the gas and the stars in V12, a high-
resolution, hydrodynamic galaxy simulation (∼25 pc
grid) drawn from the sample of Zolotov et al. (2014) and
Ceverino et al. (2014). As described in Zolotov et al.
(2014), these galaxies have similar stellar and structural
evolution as the compact SFGs and therefore, V12 pro-
vides a excellent proxy for the analysis of the kinematic
properties of GDN-8231. Figure 7 shows that the stars
in V12 have comparable rotation and dispersion whereas
the gas is rotation dominated (stellar vφ/σr∼ 1.4 vs.
gas vφ/σr∼ 5). As a result, σ
gas
LOS
is more sensitive to
projection effects and shows smaller values for low in-
clinations. For example, the integrated, mass-weighted
σgas
LOS
at r = re show ratios of σ
⋆
LOS
/σgas
LOS
∼ 1.0 and 1.5
for an edge-on (i = 90◦) and an intermediate inclination
(i = 45◦), respectively (see values in Figure 6). There-
fore, we conclude that a large fraction of the observed ra-
tio of velocity dispersions in GDN-8231 can be accounted
for by projection effects.
On the other hand, given the relatively flat σgas
LOS
pro-
file of V12 (right panel of Figure 7), the change in the
integrated value of σgas
LOS
(re) would be small for a gas den-
sity (∝SFR) profile more centrally concentrated than the
stellar profile (i.e., re,⋆ > re,gas). Using the ratio of effec-
tive radii in GDN-8231 (re,NUV /re,V = 0.8) as an exam-
ple of different gas-to-stellar concentrations, we find that
integrating σgas
LOS
only up r = 0.8re decreases its value
by less than 5% for the edge-on case. Nevertheless, the
effect of the gas density profile in σgas
LOS
can be larger in
GDN-8231 if: 1) it had a slowly-increasing rotation curve
and a flat σr in the center, and/or 2) the emission line
region, traced by Hα, had an even smaller re than the
NUV luminosity profile. The latter is more plausible
given the quenching nature of GDN-8231 and the shorter
star-formation timescales probed by Hα.
Lastly, note that Figure 7 shows only the radial com-
ponent of the intrinsic dispersion (σr) for V12. In the
case of anisotropic dispersion, for example due to strong
collimated winds in the center of the galaxy (σz ≫ σr),
the observed value of σgas
LOS
for a face-on inclination would
be much larger than that of σ⋆
LOS
.
4.2.1. Dynamical mass
We estimate the dynamical mass of GDN-8231 from
σ⋆
LOS
which, as described above, is less sensitive to projec-
10
tion effects. Following the virial equation:
Mdyn(r < re) = K
σ2LOSre
G
(1)
where K depends on the galaxy’s mass distribution,
the inclination, and velocity field. We use K = 2.5,
which is the most widely adopted value for stars in dis-
persion dominated galaxies (e.g., Newman et al. 2010;
van de Sande et al. 2013; Belli et al. 2014b), and is valid
under a variety of galaxy geometries and mass dis-
tributions (e.g., Binney & Tremaine 2008). We ap-
ply a small correction to scale the observed σ⋆
LOS
to
the value in a circular aperture of radius re, σe =
1.05×σ⋆
LOS
(Cappellari et al. 2006; van de Sande et al.
2011). The inferred dynamical mass log(Mdyn/M⊙) =
11.1 is slightly larger than the stellar mass, but still
consistent within the uncertainties in both the stellar
mass and velocity dispersion. Previous works have re-
ported a similar offset towards larger dynamical masses
of log(Mdyn/M⋆) = 0.1− 0.16 for recently quenched qui-
escent galaxies z & 1.5 (Belli et al. 2014b).
5. CONCLUSIONS
We present Keck-I MOSFIRE NIR spectroscopy of
GDN-8231, a massive, compact SFG galaxy at z ∼ 1.7.
This galaxy was selected with sSFR and rest-frame col-
ors matching an intermediate stage between star-forming
and quiescent. The Y and H band spectra reveal strong
Balmer absorption lines and Hα and [N ii] in emission.
The emission and absorption lines yield spectral indices
and the kinematics of the gas and the stars.
The spectral indices, SED-modeling, and the compar-
ison to 3 compact quiescent galaxies at similar redshift,
indicate that GDN-8231 was caught in a rare, early
stage of fast quenching. Still relatively young, with a
luminosity-weighted age of 700 ± 250 Myr, GDN-8231
will mature to become a compact quiescent galaxy by
redshift z = 1.5. The rapid truncation of the SFR is
evidenced by the low EW(Hα) and weak MIPS 24µm
flux. The color profile is bluer in the center, which is
consistent with the predictions of recent simulations for
an early stage of inside-out quenching. The line ratio of
[N ii]/Hα ∼ 1 suggests the presence of a weak (not X-ray
detected) AGN, a common finding among most compact
SFGs (Barro et al. 2014a). Using SFHs based on SAMs,
we find that the assembly of GDN-8231 is consistent with
an early (z ∼ 6) onset of star-formation, a secular build-
up in the star-forming main sequence, forming 50% of its
stellar mass before z = 3, and fast quenching at z ∼ 1.7.
In Barro et al. (2014b), we found that compact SFGs
and quiescent galaxies have similar line-of-sight veloc-
ity dispersions for the gas and the stars, suggesting
similar kinematics in progenitors and descendants. In
GDN-8231, however, the dispersion of the gas, σgas
LOS
=
147± 32 km s−1, is 40% smaller than that of the stars,
σ⋆
LOS
= 215± 35 km s−1. This difference can be explained
if the gas has colder kinematics (rotation dominated)
than the stars, and therefore: a) σgas
LOS
is smaller if the
viewing-angle is low (close to face-on), and b) σgas
LOS
is
smaller if the emission-line (star-forming) region is con-
centrated at the center of the galaxy, and thus probes
low values of vφ. These options are consistent with the
findings of state-of-the-art galaxy simulations which pre-
dict that the gas in compact SFGs reside in rotating
disks (Zolotov et al. 2014). In the simulations, stars have
σ⋆
LOS
up to 1.5× larger depending on the projection of the
gas disk. A clear prediction of these models is that the
compact quiescent descendants should retain some rota-
tion from its disky progenitors.
GDN-8231 stresses the need for larger samples of com-
pact SFGs with emission and absorption line kinemat-
ics to quantify the effects predicted in the simulations.
Those samples would allow us to study the dependence
of σ⋆
LOS
/σgas
LOS
with the viewing-angle and star-formation
activity. Similarly, high spatial resolution imaging in the
sub-millimeter with ALMA, or in the NIR with adaptive
optics, can provide direct measurements of the size and
location of the star-forming regions and, in some cases,
resolved kinematics for the ionized gas.
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